Abstract. We investigate the structure and magnetic properties of thin films of the LaCoO3 compound.
Introduction
The nature of the phase transition observed in LaCoO 3 compound from a nonmagnetic insulator at low temperatures to a paramagnetic semiconductor above 90 K has triggered tremendous experimental and theoretical efforts in the last years, see Refs. [1, 2, 3] and references therein.
Recently, LaCoO 3 has attracted renewed interest due to the observation of ferromagnetism in thin films [4, 5, 6, 7] .
The bulk LaCoO 3 is nonmagnetic at low temperatures, a Corresponding author: email d.rata@ifw-dresden.de with Co 3+ ions having low spin configuration (S=0). Contrary, the LaCoO 3 thin films grown on various substrates exhibit a ferromagnetic ground state below 85 K [5, 6, 7] .
Regarding the origin of the observed ferromagnetism, several scenarios can be found in literature, i.e. Jahn-Teller distortions and the rotation of the CoO 6 octahedra, oxygen vacancies, increased volume and strain-enhanced ferromagnetism [4, 6, 7, 8] . On the theoretical side, the findings are contradictory. Rondinelli et al. [9] found that strain-induced changes in lattice parameters are insuffi-cient to cause transitions to exited spin states of Co
3+
ions at reasonable values of strain. Gupta et al. [11] recently indicated that the strain-induced pseudo-tetragonal structure is responsible for the spin-state transition in LaCoO 3 . The authors of Ref. [11] observed that there is a very small CoO 6 angle dependence on strain, contrary to earlier suggestions. Recently, a microscopic evidence of a strain-enhanced ferromagnetic state was reported by Park et al. [10] . Using magnetic force microscopy, a ferromagnetic ground state has been confirmed for tensile-strained films, while local magnetic clusters were found for a relaxed film. Herklotz et al. observed that tetragonal distortion increases the magnetization in tensile-strained films.
The above mentioned studies agree to some extend that the ferromagnetism in LCO is enhanced by the substrateinduced strain and that the light hole doping alone is not sufficient to produce ferromagnetism.
In this report, we present a detailed study of the structure and magnetic properties of LaCoO 3 thin films grown by pulsed laser deposition. Various substrates were used for the film growth in order to tune the strain in the epitaxial layers from tensile to compressive. target for depositing our films. The deposition temperature and the oxygen background pressure were 650
• C and 0.45 mbar, respectively. After deposition, the films were annealed for 10 minutes at the deposition pressure and cooled down in oxygen atmosphere of 800 mbar. Thickness and deposition rate were determined from X-ray reflectivity measurements. The structure of the LCO films was characterized ex-situ by x-ray diffraction (XRD). The XRD measurements were carried out with a Philips X'Pert MRD diffractometer using Cu K α radiation. For the magnetic characterization we employed SQUID magnetometry. Conductivity measurements were performed in the standard four-point geometry at temperatures between 50 and 300 K. Atomic force microscopy was employed to characterize the surface morphology and the roughness. 
Results

Structural characterization
In the following we discuss the structural characteristics of Table   1 . The fact that 100 nm thick LCO films discussed above are fully strained in plane is surprising, taking into account that the critical thickness is less than 10 nm on these substrates [7] . The same behaviour was observed also for a LCO film grown on a LSAT substrate (see Table 1 ). The lattice mismatch for LCO/LSAT is 1.6%, much smaller than LCO/STO. Therefore, the LCO/LSAT film is slightly tetragonally distorted compared to LCO/STO (both grown under tensile strain).
In order to study the role played by epitaxial strain on the occurrence of ferromagnetism in LCO films we attempt also to grow relaxed LCO films. SLAO with an in-plane lattice parameter a = 3.74Å was chosen as a substrate for the growth of relaxed LCO films. The inplane lattice mismatch is -1.5 %, much larger compared to LAO substrate. In figure 3 we show the results of Xray investigation of a 100 nm thick LCO/SLAO film. The SLAO substrate has a tetragonal lattice. The LCO film adopt a pseudocubic perovskite structure. In the θ − 2θ XRD scans (see Fig. 3a ) only (001) and (002) peaks of the LCO films are visible. In-plane X-ray measurements were performed around (107) reflection of the substrate.
In the RSM map shown in Fig. 3b the LCO (102) film reflection is also clearly visible, which proves the epitaxial growth of the LCO film on the tetragonal SLAO substrate. The LCO/SLAO film is almost fully relaxed, with the a ∼ c ∼ 3.82Å.
In our previous report [6] , we investigated the magnetic properties of LCO films grown on a piezoelectric substrate, (not shown) the XRD spectra indicate a polycrystalline morphology of the LCO film.
Magnetic characterization
In the following the magnetic characteristics of LCO films grown on various substrates will be discussed. In order to avoid size effects we prepared films with the same thickness. All LCO films grown on single-crystalline substrates display ferromagnetic behaviour at low temperatures. On the contrary, when SiO 2 was employed as a substrate, no ferromagnetic order was observed down to 10 K. This indicates that polycrystalline LCO films resemble the bulk behaviour, where no magnetic order is observed. In Fig. 4 we present M -T curves of 100 nm-thick LCO films grown on various substrates. Magnetization measurements were done after field cooling in a field of 200 mT applied in the film plane. Interestingly, the ferromagnetic Curie temperatures do not strongly vary for different substrates, in spite of quite different strain states. On the other hand, a The Curie temperatures are listed in Table 2 . Refs. [5, 7] for similar thickness. It is interesting to notice that all films have relatively large coercive fields H c in the range from 475 to 645 mT (see Table 2 ). This may in- Despite several confirmations of ferromagnetism in LCO films from different groups, see Refs. [4, 5, 6, 8, 7] magnetism is not long-range, but occurs in isolated clusters.
Summary
To summarize, we have studied the influence of various strain states on the magnetic properties of LaCoO 3 thin films. Single-phase (001) oriented LaCoO 3 layers were grown on all substrates despite large misfits, with tetragonal distortion varying from −2% to 2.8%. All LaCoO 3
films are ferromagnetic at low temperatures, contrary to the bulk. The Curie temperature shows little variation with different strain states. We observed an increase of Co saturation magnetic moment with increasing tetragonal distortion. This result confirms that tetragonal distortion plays an important role in the occurrence of ferromagnetism in LaCoO 3 thin films.
